I. INTRODUCTION
A recent combined-isotopomer analysis of data for the A-X system of Li 2 has shown that Born-Oppenheimer breakdown ͑BOB͒ effects are significant in this nonhydride molecule. 1 They are dominated by an additive energy displacement between the A 1 ⌺ u ϩ state potential curves for the different isotopomers, which correlates with the 0.33 cm Ϫ1 difference between the 2 P-2 S atomic transition energies in 6 Li and 7 Li ͑the value for 7 Li being larger͒. 2 The B 1 ⌸ u -X 1 ⌺ g ϩ system, whose upper state ͑as does the A 1 ⌺ u ϩ state͒ correlates with Li(2s 2 S)ϩLi(2p 2 P) atoms, is affected similarly, and isotope effects for this system have already been examined both through ''conventional'' parameter fits and through direct fits to determine the B 1 ⌸ u state potential energy and Born-Oppenheimer breakdown functions. 3 The objective of the present work is to report experimental data for the 1 1 ⌬ g state, which correlates at long range with Li(2p 2 P 3/2 )ϩLi(2p 2 P 3/2 ) atoms, and to determine the pattern of Born-Oppenheimer breakdown effects among some excited singlet electronic states of the lithium dimer.
The 1 1 ⌬ g state was observed previously in a study of the 1 1 ⌬ g -B 1 ⌸ u system of 6 Li 2 . 4 We have now used a slightly more elaborate experiment to access the 1 1 ⌬ g state of the dominant isotopomer, 7 Li 2 , so a combined-isotopomer analysis able to determine Born-Oppenheimer breakdown effects in this state 5 is now possible. However, because the 1 1 ⌬ g state was observed only via transitions between excited electronic states ͑notably 1 1 ⌬ g →B 1 ⌸ u ), secure descriptions of the B 1 ⌸ u and X 1 ⌺ g ϩ states were essential for this study. Moreover, since the most detailed information about the X 1 ⌺ g ϩ state comes from the extensively studied A 1 ⌺ u ϩ -X 1 ⌺ g ϩ band system, 1 it was also necessary to include multiple-isotopomer A-X data in the present analysis. As a result, the analysis reported herein involves a simultaneous combined-isotopomer fit to data associated with transitions among five different electronic states.
II. EXPERIMENTAL DETAILS
Lithium molecules were produced in a heatpipe oven operating between 750 and 850°C, using argon as a buffer gas ͑pressure typically 3-5 Torr͒. Since no B-X data for 6 Li 2 were available in the literature, and the recent explorations of the B 1 ⌸ u state in 7 Li 2 and 6 Li 7 Li did not probe its lowest vibrational levels, 6, 7 we have recorded these systems in absorption in the region 19 800-21 700 cm Ϫ1 using a Fourier transform spectrometer. This experiment effectively repeats the pioneering photographic work of Hessel and Vidal on the dominant isotopomer 7 Li 2 . 8 However, it was necessary to make new measurements if we were to avoid having to rely a͒ Permanent address: UFR SSMT Université de Cocody, ͑Abidjan͒ 22 Boîte Postale 582, Abidjan 22, Ivory Coast. on synthetic 7 Li 2 data generated from the Hessel-Vidal parameters, 8 as was done in earlier work, 6, 3 since their original data set is not available.
In these absorption experiments, appropriate interference filters were used to select the desired input wavelengths from a 100 W halogen lamp source, and the interferograms were collected on a silicon avalanche detector. The response of the interferometer was first calibrated against the Dopplerlimited I 2 absorption spectrum around 500 nm, in order to guard against possible systematic error. The metal samples were either 93% 7 Li ͑natural isotopic abundance͒, or an enriched sample of Ͼ95% 6 Li purchased from Eurisotope ͑Saclay, France͒. The absorption spectra are Doppler limited, and with the heatpipe running at 750°C, measured linewidths were of the order of 0.15 cm
Li 2 has been studied through collisionally induced fluorescence following two-color, singlemode double-resonance excitation. These experiments used higher heatpipe temperatures ͑typically 800-850°C͒ and pressures to enhance the fluorescence signal. Two distinct excitation mechanisms were involved. In both cases, low lying vibrational levels of the A 1 ⌺ u ϩ state were excited with emission from LD 700 dye around 680 nm ͑output power ϳ300 mW͒. One set of experiments then used DCM dye, operating around 660 nm to populate low vibrational levels of the F 1 ⌺ g ϩ state ͑see Fig. 1͒ . Excitation of vЈ(F)ϭ0, 1, and 2 gave strong direct fluorescence to the B 1 ⌸ u state between 1 and 1.4 m, and in the same wavelength region, also to collisionally induced transitions assigned to the 1
The second set of experiments used violet photons around 432 nm ͑typically 80 mW, from Stilbene 420 dye͒ to populate vϭ0 or vϭ1 levels of the (5d) 1 ⌸ g Rydberg state by excitation from low vibrational levels of the A 1 ⌺ u ϩ state. Direct fluorescence from this process consisted of ⌬vϭ0, Ϯ1 progressions into both the C 1 ⌸ u state and the inner well of the 2 1 ⌺ u ϩ double-minimum state. 9 Collisional energy transfer from vϭ0 of the (5d) 1 ⌸ g Rydberg state populates a neighboring Rydberg state, believed to be (5p) 1 ⌸ u , and emission from it into vϭ0 and 1 of the 1 1 ⌬ g state is observed. 10 ͑Note that the Rydberg-state vibrational assignments are based only on rotational constants and approximate Franck-Condon factor calculations, and may not be definitive.͒ The electronic transitions involved are indicated in Fig. 1 , and an example of collisionally induced fluorescence from the 1 1 ⌬ g state into low vibrational levels of the B 1 ⌸ u state is shown in Fig. 2 . The infrared fluorescence ͑6400-10 000 cm Ϫ1 ͒ associated with these experiments was recorded on the Fourier transform spectrometer at an instrumental resolution of 0.08 cm Ϫ1 using an InGaAs detector, and a high pass optical filter served to remove A-X emission. The estimated uncertainty in the measured line positions is ten times smaller than the experimental resolution.
III. EXPERIMENTAL RESULTS
The treatment of our B←X absorption spectra was very straightforward, since both electronic states are known, and are essentially unperturbed. Only low vibrational levels were accessed in both states (vЉр3 and vЈр8). These Doppler limited spectra were not fully resolved, and many overlapping lines were discarded from the data set.
The next step in the analysis was the study of the 1 1 ⌬ g state of 7 Li 2 . Most of the relevant data are emission lines from levels vϭ0 -7 of the 1 1 ⌬ g state, which were populated by collisional energy transfer from levels vϭ0, 1, and 2 Fig. 2 is stronger than the others. The transitions involving upper state levels in which J changes only by 0 or Ϯ1 in the collisional transfer are somewhat stronger than the others. This can be seen from the enhancement of R (11), Q (12) , and P(13) lines in Fig. 2 . The strongest transitions are those with ⌬v ϭ0, but some weaker ⌬vϭϮ1 bands were also observed. Overall, some 1596 lines were recorded in the 1
Li 2 , involving rotational levels with 2 рJр51.
Although Figs. 2 and 3 show that this system is quite congested, making line assignments in the less overlapped regions was reasonably straightforward, based on known parity selection rules and published rotational constants for the 1 1 ⌬ g state of 6 Li 2 . 4 Nuclear spin symmetry is conserved in the energy transfer between electronic states. Because the OODR excitation scheme was selective in populating only one level of the F 1 ⌺ g ϩ state at a time, the starting point was either the subset of s symmetry levels in 1 1 ⌬ g if the double resonance populated an even-J level in the F 1 ⌺ g ϩ state, or the a symmetry levels if an odd-J F-state level were populated. Nuclear spin statistics produce stronger spectra for the s species ͑the s:a ratio is 10:6 for 7
Li 2 ). After excitation of an even-J level in the F 1 ⌺ g ϩ state, we observe the following.
͑i͒ Only s levels of the 1 1 ⌬ g state are populated by collision, so only s levels are involved in 1 1 ⌬ g →B 1 ⌸ u fluorescence. ͑ii͒ There are no restrictions on J in the 1 1 ⌬ g →B 1 ⌸ u system, but transitions to levels with odd JЉ ͑R, P, and Q lines͒ involve e parity levels of B 1 ⌸ u , while even JЉ transitions involve f parity levels of
Populating a levels of the F 1 ⌺ g ϩ state allows the opposite parity components to be observed. A smaller amount of information came from transitions into vϭ0 -2 of the 1 1 ⌬ g state ͑250 lines, 3рJр32) from levels vϭ0 and 1 of the (5p) 1 ⌸ u state located ϳ37 260 cm Ϫ1 above the electronic ground state. Once again, conservation of nuclear spin symmetry allows access to either s or a levels in the Rydberg 1 ⌸ u state through collisions, according to whether the initial level in the X 1 ⌺ g ϩ ground state was s ͑even J͒ or a ͑odd J͒, but in the subsequent (5p) 1 ⌸ u →1 1 ⌬ g transition, both oddand even-JЉ levels are observed. The nine observed vibrational levels of the 1 1 ⌬ g state appear to be unperturbed, and there is no discernable ⌳ doubling ͑Fig. 3͒.
In addition to our information on the 1 1 ⌬ g state, resolved fluorescence from the F-state levels pumped in the initial excitation process yielded data on both the A 1 ⌺ u ϩ and B 1 ⌸ u states. Similarly, fluorescence from the initially excited A 1 ⌺ u ϩ state levels yielded additional information on the first dozen vibrational levels of the X 1 ⌺ g ϩ state of the two homonuclear isotopomers. These results are summarized, together with all of the other data used in our analysis, in Table I .
IV. ANALYSIS: COMBINED-ISOTOPOMER FITS
In our study of isotope effects in excited states of the lithium dimer, all molecular energies are quoted with respect to an energy zero at vϭϪ1/2 in the X 1 ⌺ g ϩ state of the dominant isotopomer 7 Li 2 . Although our combination of absorption spectroscopy and resolved laser induced fluorescence covers a wide selection of vibrational levels, parts of both the A-X and B-X systems have been investigated by higher resolution techniques by other groups. Wherever possible, we have also included raw wavenumber measurements from other sources to complement our own measurements. The origins of the data for the three isotopomers of the lithium dimer are also indicated in The analysis used the program DPARFIT ͑Ref. 12͒ to perform a simultaneous combined-isotopomer fit to all of the data for the several electronic systems listed in Table I . The input file contained 14 621 measured lines, and involved three isotopomers and five electronic states. Each experimental datum was weighted by the inverse square of the estimated uncertainty indicated in Table I .
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. The strongest lines are the R and Q lines of the ͑4-4͒ band. The weaker ones come from other bands in the ⌬vϭ0 sequence.
For the B 1 ⌸ u and Rydberg (5p) 1 ⌸ u states, an additional term is added to Eq. ͑1͒ to take account of ⌳ doubling:
For the B 1 ⌸ u state the ⌳ doubling is mainly due to interactions with the nearby A 1 ⌺ u ϩ state, so the coefficient sg(e/ f ) is ϩ1 for e parity levels, and 0 for the f parity levels ͑which are therefore unaffected by the ⌳-doubling perturbation͒. On the other hand, since the origin of the perturbation is unknown for the Rydberg 1 ⌸ u state, ⌳-doubling perturbations for this Rydberg state were defined with respect to the e/ f sg(e)ϭϩ1/2 for e parity levels and sg( f )ϭϪ1/2 for f parity levels for this state.
The isotopic dependence of the Y l,m Dunham coefficients for isotopomer ␣ of a diatomic molecule AB formed from atoms of mass M A (␣) and M B (␣) is given by
͑3͒
where Y l,m (1) is the value for the ''reference'' isotopomer ͑cho-sen here to be 7 Li 2 ), and
. 5 In the present case both atoms are lithium, so only one set of BOB coefficients arises, which means that ␦ l,m A ϭ␦ l,m B ϭ␦ l,m Li . Similarly, the isotopomer dependence of the ⌳-doubling expansion coefficients is given by the simple first-order semiclassical mass-scaling relationship
where ␣ is the usual reduced mass of isotopomer ␣ of molecule A-B. An empirically determined additive shift of all levels of isotopomer ␣ in electronic state S is given by
However, unless the isotope dependence of the well depth (D e ) is experimentally determined for at least one of the electronic states, empirical fits can only determine the differences between these additive isotope shifts for the various electronic states. In the present work all such differences are expressed with the X 1 ⌺ g ϩ state as a reference. Thus, for electronic state S the fit yields an effective isotope shift coefficient defined as
The associated electronic isotope shift would then be written as ⌬T vϭϪ1/2 ever, because of this range and the unusual ͑barrier͒ shape of the B-state potential, fitting all available B 1 ⌸ u state data to Dunham expansions requires quite high-order polynomials for rotation, centrifugal distortion, ⌳-doubling, and BornOppenheimer breakdown effects. This in turn causes the values of the leading low-order parameters which characterize the shape of the potential near its minimum to be unusually sensitive to the chosen polynomial orders, while high interparameter correlation leads to anomalously large parameter uncertainties. For example, the present analysis yields Y 10 ϭ270.877(Ϯ0.004) cm Ϫ1 , while the comprehensive B-state analysis of Huang and Le Roy, 3 which found that representing all 18 vibrational levels required a 14th order polynomial, obtained Y 10 ϭ271.8(Ϯ0.6) cm Ϫ1 . Because of our particular interest in defining both the shape of the potential well and BOB effects around the potential minimum, we chose to restrict the present fits to consider only data involving B-state levels with vр8, thus minimizing those problems. Similarly, the available A 1 ⌺ u ϩ state data extend most of the way to dissociation, [13] [14] [15] and interparameter correlation again gives rise to large uncertainties in the low-order Dunham coefficients if all data are included. To facilitate an optimum determination of BOB behavior near the A 1 ⌺ u ϩ state potential minimum, the range of A 1 ⌺ u ϩ data used in the present analysis was therefore limited to v(A)ϭ0 -24.
The resulting simultaneous multiple-isotopomer fit to the five-state data set summarized in Table I Tables II-VI͒ typically require more significant digits than the rounded values for the dominant isotopomer to provide a consistent level of precision in representing the input data. 5 The overall contribution of the Born-Oppenheimer breakdown terms was assessed in fits in which some or all of these parameters were neglected. If all BOB parameters are omitted, the resulting fit yields a dimensionless root-meansquare deviation of dd tot ϭ7.03 and systematic ''calc-obs'' deviations, the latter including average dimensionless deviations of Ϫ6.3 for the A-X system of 
where
is the empirically determined quantity given by Eq. ͑5͒ and Y 0,0 (␣) is the correction to the first-order semiclassical quantization condition which takes account of the fact that the potential energy minimum usually does not precisely correspond to vibrational quantum number vϭϪ1/2. Higher-order semiclassical theory 16 shows that Y 0,0 (␣) may be accurately approximated by the expression
͑8͒
For a general diatomic molecule, the total isotope shift of the potential energy minimum of a given electronic state is therefore
where ⌬T e (␣) ϭT e (␣) ϪT e (1) and ⌬Y 0,0 (␣) ϭY 0,0 (␣) ϪY 0,0 (1) . In the present case, the fact that the differences between the potential energy well depths for different isotopomers have not been determined accurately for any of these electronic states means that Eq. ͑9͒ must be replaced by
where the tildes 'ϳ' over the various symbols indicate that they represent the differences between these quantities in the excited and in the reference ͑ground͒ electronic state ͓see, e.g., Eq. ͑6͔͒. In order to determine estimates of the physically interesting quantities ⌬T e (␣) , the molecular constants in Tables  II-VI have Table VII . We note that the differences between these quantities for different isotopomers, ⌬Ỹ 0,0 (␣) , are quite small relative to the magnitude of the ⌬T vϭϪ1/2 (␣) terms. Utilizing these results in the above expressions yields the isotopomer-dependent relative electronic state energies shown in the last two columns of 2 and the fact that the electronic isotope shift parameters in Table VII are differences from ground-state values, remind us that the present ''parameter-fit'' analysis does not yield a complete description of even the leading higher-order BOB parameters for this species. To obtain T e and ⌬T e values without the ''tilde'' superscript will require the experimental determination of the absolute difference in the well depths for different isotopomers in at least one of these electronic states. Future work will address this limitation by utilizing A 1 ⌺ u ϩ state data extending almost to dissociation, and by applying direct-potential-fit methods to determine analytical functions for V(R), ⌳-doubling, and BOB functions. a A physically significant value of this parameter could not be determined.
